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Abstract 
Increasing modules voltage allows to reduce resistive losses and metal consumption. Reaching voltages of several hundreds of 
volts may also enable inverter simplification leading to more efficient and lower cost inverter systems. This study proposes to 
evaluate the feasibility of such modules using reduced area solar cells fabricated by laser scribing and subsequent mechanical 
cleavage of 6 inches Al-BSF silicon cells. First, we investigated the influence of the cell dimension on the efficiency. Due to a 
high recombination activity on the cell edges, a drastic loss in efficiency can be observed for samples area below 16 cm². For a 
given area, the comparison of two cell formats (45×45 mm² and 78×26 mm²) confirms the interest of reducing the peripheral 
length over the cell area (square shape). The optimization of the front metallization grid allows the fabrication of small area cells 
with similar efficiency as 6 inches cells. Finally, a high voltage module was fabricated with 45×45 mm² cells allowing to reach 
an open-circuit voltage of 369 V, a high FF value of 78.7% and a gain of 1.3% absolute efficiency compared to the reference 
module. 
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1. Introduction 
PV systems with high voltage modules can be advantageous, particularly to reduce the Levelized Cost of 
Electricity (LCOE) due to lower short circuit current inducing lower heat dissipation by Joule effect [1]. 
Furthermore, it is claimed that such modules may allow the use of cheaper and more efficient inverters [2, 3]. This 
could be particularly relevant for cost reduction of micro-inverters which remain so far more expensive than 
standard systems with central inverters. This study aims at investigating the relevance of adapting the standard Al-
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BSF silicon cell technology using small solar cells interconnected in series for the fabrication of a high voltage 
module. The performance of such a module is compared to a reference using standard 6 inches cells. The process to 
obtain small area cells was based on laser scribing and mechanical cleavage of 6 inches Al-BSF cells. 
2. Experimental 
First, the influence of the cell dimension was investigated by cleaving commercial solar cells (efficiency = 
19.2%) into small cells of various areas (from 156×156 mm² to 10×10 mm²). This allowed to investigate and to 
quantify the influence of the peripheral length over the surface. In order to subtract the effect of the difference in 
shading ratio for the different cells dimensions, the corrected efficiency Kcor was calculated with the corrected short-
circuit current density ܬௌ஼ି஼ைோ. This parameter represents the short-circuit current density a cell would have if its 
shading ratio was identical to a 6 inches cell. Then, two specific cells dimensions were investigated (78×26 mm² and 
45×45 mm²), corresponding to an area of one-twelfth of a 6 inches cell. The fabrication process, based on an Al-
BSF p-type technology, is described figure 1. Prior to the cleavage step, a standard grid corresponding to the 6 
inches cell grid and an optimized front grid were printed for each cell format. The grid geometry was fixed in 
agreement of the simulation approach presented further in the study. Large cells were also fabricated to be used as a 
reference and showed an efficiency of 18.8%. The cells I-V characteristics were measured under standard test 
conditions (STC). To increase the current measurements precision, an absorbing material around the cells was added 
to avoid indirect light reflection on the measurement chuck. Mini-modules of 12 cleaved cells interconnected in 
series were fabricated in order to compare performances between the standard grid and the optimized one. To 
minimize the effect of internal reflections in the module, cells spacing was reduced to 2 mm in the direction parallel 
to the bus bars and 1 mm in the direction perpendicular to the bus bars. The I-V characteristic of the modules at 1 
sun illumination were obtained by flash test and the open-circuit voltage (Voc), short-circuit current (Jsc), fill factor 
(FF) and conversion efficiency (K) were extracted. A light absorbing material were also used on the edge of the 
modules to avoid overestimated currents measurements. Finally, a large module of 576 small cells (45×45 mm²) was 
fabricated and compared to a reference module of 36 cells of 156×156 mm² area. 
 
PSG and barrier removal 
Rear barrier diffusion 
POCl3 diffusion 
Thermal oxydation 
ARC deposition 
Standard / optimized grid screen printing 
Contacts firing 
Cleavage (45×45 or 78×26 mm²) 
Alcaline texturing and cleaning 
Figure 1. Process flow for the fabrication of small area solar cells Fig. 1. Process flow for the fabrication of small area solar cells 
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3. Results 
3.1. Efficiency variation depending on the cell dimension 
Optimized laser scribing conditions were selected for the study (power, speed, frequency), enabling no shunting 
defects. The choice of the surface area was a trade-off between the conversion efficiency of such small cells and the 
increase in module voltage that this size allows. Figure 2 illustrates the evolution of cells performances with the area 
reduction for a square shaped format. The loss in efficiency for cell size below 40×40 mm² is mostly attributed to the 
influence of the edge recombination which becomes larger as the cell area decreases. This induces a loss in open-
circuit voltage (Voc) and short-circuit current (Jsc). A detailed analysis of this effect will be discussed in another 
study (article in progress). The performances of the two studied formats (45×45 mm² and 78×26 mm²) resulting from 
cleaving 6 inches solar cells are given table 1. 45×45 mm² cells show similar efficiency as large cells, with a slight 
loss in Voc due to edge recombination, compensated by a higher FF. However, 78×26 mm² cell shows a more 
pronounced loss in efficiency due to a larger impact of the edges and a non-adapted grid. 
 
 
Fig. 2. Values of conversion efficiency for various dimensions of square cells 
Table 1. I-V parameters of the fabricated sub-cells cleaved from 6 inches reference cells without grid optimization 
Cell dimension 
 (mm²) 
Area  
(cm²) 
Voc  
(mV) 
Jsc  
(mA/cm²) 
FF 
 (%) 
K
(%) 
156×156 243.00 639.6 37.1 79.4 18.8 
45×45 20.25 636.6 37.0 79.7 18.8 
78×26 20.25 634.8 35.4 79.9 18.0 
3.2. Case study – influence of module voltage on resistive and optical losses 
It is well known that the dimensions of the metallization grid of a solar cell are based on a compromise between 
optical and resistive losses. The optimization of the grid dimensions depends on numerous parameters, in particular 
the height and width of the cell. Consequently, small solar cells with a grid initially optimized for a large 6 inches 
cell may show higher losses. In order to determine the losses induced by the grid, resistive and optical losses 
calculations were performed at the module level with the method exposed in [4]. The resistive losses taken into 
account are those in the substrate, emitter, fingers, bus bars, copper ribbons in the module (including ribbons 
between cells and between strings) and losses due to the contact resistance between the fingers and the front emitter. 
Grid related losses were calculated for various dimensions from 156×156 mm² to 26×26 mm² corresponding to a 
multiplying factor of the voltage of a 6 inches cell from 1 to 36. In one case, the calculations were made with a grid 
optimized for the 156×156 mm² cell. In the other case, the grid was optimized for each cell dimensions. Calculations 
were made for modules with the same active area than a 60 6 inches cells module by adjusting the number of strings 
and the number of cells in a string as shown in table 2. The dimensions of the calculated optimized values of the 
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width of fingers and bus bars and the pitch are presented in table 2. Minimum values of the widths of fingers and bus 
bars were respectively fixed to 60 μm and 1 mm. All other parameters were set to fixed values. 
Table 2. Module configuration chosen for calculation of optical and resistive losses 
Cell 
dimensions 
(mm²)  
Area 
(cm²) 
Multiplying 
voltage factor 
Number 
of strings 
Number of 
cell / string 
Optimal width 
of fingers 
(μm) 
Optimal 
number of 
bus bars 
Optimal width 
of bus bars 
(mm) 
Optimal 
pitch 
(mm) 
156×156         243 1 6 10 60 3 1.9 1.5 
104×104 108 2.25 9 15 60 3 1.0 1.8 
78×78 61 4 12 20 60 2 1.0 1.7 
52×52             27 9 18 30 60 1 1.0 1.5 
39×39             15 16 24 40 60 1 1.0 1.7 
31.2×31.2       10 25 30 50 60 1 1.0 1.7 
26×26             7 36 36 60 60 1 1.0 2.0 
 
The evolution of the ratio of power losses with the voltage multiplying factor for both optimized and non-
optimized grids is represented on figure 3. The total losses of all the cleaved cells are lower than for 6-inches cells 
due to a decrease of resistive losses. This is explained by the drop of copper ribbon resistive losses due to shorter 
bus bars for cleaved cells inducing a reduced amount of current flowing through it. The optimization of the grid 
dimensions for the cleaved cells can lead to a significant reduction of the total losses. This is provided by a decrease 
of the shading losses despite a slight increase of resistive losses. As a consequence, this calculation demonstrates the 
interest of developing a specific grid for a given cell dimension.   
 
3.3. Optimization of the metallization grid 
For the experimental dimensions studied here, the calculated optimized values of pitch, finger and bus-bar widths 
are shown in table 2. An optimal bus bar width of 1 mm was found due to low resistive losses in copper ribbons for 
these small surface area cells. This leads to a reduction of the optical losses. Simulation also indicate that finger 
width of 60 μm with a pitch of 1.5 mm were sufficient to maintain low resistive losses. It has to be noticed that 
further optimization could be obtained if the minimum value of bus bars width was not limited to 1 mm. This will 
depend on the improvement in screen-printing technology and on the evolution of module interconnections. 
 
Fig. 3. Total losses calculated for modules with different cells dimensions 
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Table 3. Calculated optimal values for the studied small area cells. Grid dimensions of the standard 6-inches cell is also given for comparison 
Cell dimensions Pitch (mm) Finger width (μm) Bus bar width (mm) 
156×156 1.8 90 1.5 
78×26 1.5 60 1.0 
45×45 1.5 60 1.0 
Based on the cell front grid optimization, table 1 shows the performance of the mini-modules with 12 cleaved cells 
and with one reference 6 inches cell. As expected, the fill factor of mini-modules with small cells is largely higher 
than the reference module due to lower resistive losses. For both cleaved dimensions, the optimization of the grid 
leads to a relatively small decrease in fill factor but improves the short circuit current. Overall, this optimization 
induced an improvement in conversion efficiency of 0.7% and 0.2% respectively for modules made of 78×26 mm² 
and 45×45 mm² cells. The larger gain obtained for modules with 78×26 cells is explained by a reduction of shading 
losses for narrower cells as shown on figure 3. For such small area solar cells, narrow bus bars are sufficient to drive 
the current. Consequently, further optimization could be achieved if bus bars width below 1 mm were printed. 
Finally, a gap of 0.2% absolute in module efficiency is obtained after front grid optimization between the two cells 
dimensions. 
Table 4. Performance of mini-modules with 12 cleaved cells and one 6 inches cell 
Module Voc (V) Isc (A) FF (%) K (%) 
156×156 mm² cell 0.631 8.439 76.8 16.8 
78×26 mm² 
non optimized grid 7.530 0.672 80.5 16.7 
45×45 mm² 
non  optimized grid 7.565 0.699 80.0 17.4 
78×26 mm² 
optimized grid 7.536 0.699 80.3 17.4 
45×45 mm² 
optimized grid 7.578 0.714 79.1 17.6 
3.4. Fabrication of high voltage module 
A high voltage module of 1.44 m² area was fabricated connecting 576 cells in series (figure.5). Cells of 45×45 
mm² area with optimized grid leading to a conversion efficiency of 18.9% were used. A module efficiency of 19.3% 
was obtained considering the active area. As expected, a high Voc output of 369 V was achieved as well as a 
particularly high fill factor of 78.7% due to the low current density. The FF of the reference module was much 
lower, which underlines the high interest of using small cells to increase the module performance. Nevertheless, it 
has to be noted that for an identical spacing between cells, the packing density for such a high voltage module is 
lower than for a module with 6-inches cells. This leads to a lower efficiency than the reference module taking into 
account the full area. Therefore, a smart interconnection of small area cells is required to fully benefit from the 
module potential. 
Fig. 4. High voltage module with 576 small cells interconnected in series 
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Table 5. Performances of a 576 45×45 mm² cells high voltage module and a 6 inches cells reference module. Performance are given for the total 
cell area to facilitate comparison 
Module 
Cells 
size 
(mm²) 
Number 
of cells 
Voc 
(mV) 
Isc 
(A) 
Jsc 
(mA/cm²) 
FF 
(%) 
K (%) 
Active 
area 
K (%) 
Full area
High voltage 45×45 576 369 0.777 38.4 78.7 19.3 15.5 
High voltage (equivalent to reference)   23. 1 9.32 38.4 78.7 19.3 15.5 
Reference 156×156 36 23.0 9.23 37.9 74.3 18.0 16.5 
4. Conclusion 
Due to large edge recombination activity, the use of small cell dimensions cleaved from large 6 inches cells can 
show significant loss in efficiency. This study shows that the increase in performance of such small cells can be 
realized by carefully selecting the geometry and by optimizing the front metallization grid. Fulfilling those two 
conditions, we showed the possibility of fabricating small area cells (> 20 cm²) leading to similar performance than 
large 6 inches cells. A high voltage module was fabricated with 576 cells of 45×45 mm² with an optimized 
metallization grid, resulting in an increase of 1.3% absolute in conversion efficiency compared to a reference 
module. This result shows the potential for high voltage module with Al-BSF solar cells obtained by laser cleavage. 
Further improvements in screen-printing technology to reduce the fingers’ width as well as the use of thinner 
ribbons could lead to a higher gain. However, the increase of the competitiveness of such modules also requires 
interconnections improvement at the module level to guaranty the throughput and to increase the cells density within 
the module. The integration of a higher number of by-pass diode should also be considered.   
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